Riverine barriers have been associated to genetic diversification and speciation of several taxa. The Rio São Francisco is one of the largest rivers in South America, representing the third largest river basin in Brazil and operating as a geographic barrier to gene flow of different taxa. To evaluate the influence of the Rio São Francisco in the speciation of small rodents, we investigated the genetic structure of Calomys expulsus with phylogenetic and network analyses of cytochrome b DNA. Our results suggested that C. expulsus can be divided into 3 subpopulations, 2 on the left and another one on the right bank of this river. The time of divergence of these subpopulations, using a Bayesian framework, suggested colonization from the south to the north/northeast. Spatial analysis using a clustering method and the Monmonier's algorithm suggested that the Rio São Francisco is a biogeographic barrier to gene flow and indicated that this river may play a role in the incipient speciation process of these subpopulations.
Natural geographic barriers have been associated to genetic diversification and speciation of different taxa (Miller et al. 2006; Rodriguez-Robles et al. 2008) . In South America, most studies have been focused on the Amazonas river basin (Patton et al. 2000; Cheviron et al. 2005; Funk et al. 2007 ), the largest basin in the world (Meade et al. 1991) , although other watercourses have also been shown to be effective barriers for several vertebrates (Rodrigues 2003; Passoni et al. 2008) . The Rio São Francisco is one of the longest rivers of South America, extending for 2830 km, and its basin is the third largest in Brazil, accounting for 7.6% of the country's territory and encompassing an area of approximately 645.000 km 2 (Godinho and Godinho 2003; Kohler 2003) . This river irrigates several regions of different morphoclimatic domains and climate settings of 6 territories (States of Minas Gerais, Bahia, Pernambuco, Sergipe, Alagoas, part of Goiás, and Distrito Federal). These regions extend from the humid Atlantic Forest to the drier domains of Caatinga and Cerrado (Godinho and Godinho 2003; IBAMA 2007) , representing a geographic barrier for several taxa (Rodrigues 2003; Coutinho-Abreu et al. 2008; Passoni et al. 2008) .
The genus Calomys, comprising Sigmodontinae species of the tribe Phyllotini, is widely distributed across South America, in Venezuela, Colombia, Peru, Bolivia, Paraguay, southeastern Brazil, Uruguay, and Argentina (Musser and Carleton 2005) . Different species of Calomys inhabit seasonally dry tropical environments, from Cerrado to Caatinga (Almeida et al. 2007 ). The complex taxonomic arrangement of this genus is a consequence of the morphological similarities between congeneric species, a situation that is common in other Sigmodontinae genera. Hershkovitz (1962) , based on morphological characters, reported the first taxonomic review of Calomys with only 4 species, Calomys lepidus, C. sorellus, C. callosus, and C. laucha. Recently, karyological, taxonomic, and phylogenetic studies showed that a considerably higher diversity of this genus has been underestimated. Olds (1988) and Salazar-Bravo et al. (2001) recognized 10 Calomys species, albeit with different taxonomic arrangements, whereas other authors recognized 12 or 13 species (Musser and Carleton 2005; Almeida et al. 2007, respectively) . Steppan and Sullivan (2000) and Haag et al. (2007) postulated that Calomys is a monophyletic genus with high levels of genetic differentiation that took place during a long period of intrageneric divergence. Molecular phylogenetic studies divided Calomys in 2 groups, one with lowland species and another with highland species (Salazar-Bravo et al. 2001) . Subsequently, phylogenetic analysis based on a higher number of species showed that the large-bodied lowland species (C. fecundus, C. expulsus, C. venustus, C. tocantinsi, C. callosus, C. cerqueirai, and an undescribed species from Beni) were included in a separate clade (Almeida et al. 2007; Bonvicino et al. 2010) . Calomys expulsus has also been placed as the most basal lineage of the large-bodied group (Almeida et al. 2007) .
Calomys shows an interesting pattern of geographic distribution and is one of the few Sigmodontinae genera restricted to dry habitats (Almeida et al. 2007 ). Furthermore, small-bodied size species are mainly found in open vegetation (strict or mixed grassland and savanna habitats), whereas large-bodied species, including C. expulsus, can also be found in forest formations (Almeida et al. 2007 ). Calomys expulsus is endemic to Brazil, occurring from Caatinga to Cerrado in the east and central-west regions, respectively. This species was the first to diverge from the large-bodied stock, probably by an initial invasion of a new habitat (forest formations) associated to change in body size (Almeida et al. 2007; Cordeiro-Estrela P, personal communication) . These features and the fact that C. expulsus is the most ancient lineage among large-bodied species are indicative of the presence of structured populations.
To investigate whether the Rio São Francisco has been acting as a barrier to C. expulsus dispersal and to identify structured populations, we analyzed mitochondrial cytochrome b (cyt b) DNA sequences from specimens collected along a wide range of its geographic distribution, both at the left and right bank of this river. Our results suggested that specimens could be subdivided in 3 subpopulations and that colonization occurred from the south to the north and northeast of Brazil. Our analyses also confirmed that the Rio São Francisco represents a geographic barrier to C. expulsus subpopulations.
Materials and Methods
Sample Collection, DNA Extraction, Polymerase Chain Reaction (PCR) Assays, and Sequencing Twenty-three C. expulsus were collected in 9 localities, in 5 Brazilian states along the left and right banks of the Rio São Francisco, mainly in regions of the Cerrado and Caatinga morphoclimatic domains (Figure 1a) . DNA was isolated from livers preserved in 100% ethanol following Sambrook et al. (1989) . Cyt b DNA (1143 bp) was PCR amplified using primers L14724 (Irwin et al. 1991) and CIT-REV (Casado et al. 2010) . Amplicons were purified with GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Brazil) and sequenced using the PCR primer L14724 and internal primers CitbAot (Menezes et al. 2010 ) and CB-in1 (Cassens et al. 2000) . Sequencing was carried out using an ABI Prism 377 and 3730 platforms. Electropherograms were manually checked using BIOEDIT (version 7.0.8.0; Hall 1999) and CHROMAS (version 1.45; MacCarthy 1998).
Alignment, Test of Substitution Saturation, and Genetic Distance Estimation
We analyzed 23 cyt b sequences generated in this study and 49 cyt b GenBank sequences, 35 C. expulsus, 9 from other Calomys species, 1 Auliscomys micropus, 1 Phyllotis magister, 1 Eligmodontia typus, 1 Akodon montensis, and 1 Sigmodon hispidus, which were manually aligned using BIOEDIT. These last 5 species were used as outgroups in phylogenetic trees. GenBank accession numbers are listed in Table 1 Pairwise genetic distances were estimated with the modified Log-Det for closely related taxa (Tamura and Kumar 2002) using MEGA (version 4; Tamura et al. 2007 ). The Hasegawa-Kishino-Yano (HKY) (Hasegawa et al. 1985) plus a proportion of invariable sites and gamma-distributed substitution rates (HKY þ I þ C) was selected as the DNA substitution model with MODELGENERATOR (version 0.84; Keane et al. 2006 ) using the Bayesian information criterion for phylogenetic reconstructions (see below).
Phylogenetic Reconstruction and Divergence Time Estimates
Phylogenetic reconstructions based on maximum likelihood (ML) were carried out with PHYML (version 3.0; Guindon and Gascuel 2003) . The tree topology space was searched using the best of Nearest Neighbor Interchange and Subtree Pruning and Regrafting algorithms from 5 random starting trees generated by the BioNJ algorithm (Guindon and Gascuel 2003; Guindon et al. 2010) . Branch support was calculated with the approximate likelihood ratio test (aLRT) with SH-like interpretation, a procedure that is conservative and accurate as bootstrapping but less computationally intensive (Anisimova and Gascuel 2006; Guindon et al. 2010) .
Due to the scarcity of fossil records of C. expulsus, calibrations were carried out with the same constraints of Almeida et al. (2007) for estimating the time of divergence of specimens from the banks of the Rio São Francisco. The constrained nodes were 1) divergence of Sigmodon from Oryzomayalia (Steppan et al. 2004 ) estimated around 5-13 Ma based on fossil data of Prosigmodon oroscoi from Mexico and Phyllotini from the Montehermosan formation (Reig 1978) and previous molecular estimates (Smith and Patton 1999; Steppan et al. 2004) ; 2) cladogenesis of C. expulsus, with a lowest estimate of 0.2 Ma; and 3) divergence of Phyllotini from Akodontini tribes with a lowest estimate of 3.5 Ma (for details, see Almeida et al. 2007 ).
The tree topology and divergence times were subsequently co-estimated using a Bayesian inference with BEAST (version 1.5.3; Drummond and Rambaut 2007) . Divergence times were estimated using an uncorrelated lognormal relaxed clock (Drummond et al. 2006 ) and a Yule tree prior. The monophyly of C. expulsus, the divergence of Phylotini and Akodontini, and the divergence of Sigmodon and Oryzomayalia were decided a priori based on previous phylogenies (Almeida et al. 2007; Haag et al. 2007 ). Estimates of divergence times were calibrated using a uniformly distributed prior based on calibration constraints. Estimates of the posterior distribution were obtained by Markov chain Monte Carlo (MCMC) sampling with samples drawn every 2000 MCMC steps over a total of 50 000 000 steps. Acceptable mixing and convergence to the stationary distribution were checked with TRACER 1.5 ) and the first 10% were discarded as burn-in. The maximum clade credibility tree (MCCT) was computed from the trees sampled from the posterior with TREEANNOTATOR (version 1.5.3) of the BEAST package.
Intraspecific Analyses
NETWORK (version 4.5.1.6; available at http:// www.fluxus-engineering.com) was used for reconstructing a median-joining (MJ) network (Bandelt et al. 1999 ) to evaluate subpopulation structure and geographic distribution patterns. MJ was calculated using variable sites only.
Distribution of pairwise differences or mismatch distributions (Slatkin and Hudson 1991; Rogers and Harpending 1992) were used for estimating demographic events with ARLEQUIN (version 3.5.1.2; Excoffier and Lischer 2010). Confidence intervals were calculated with 1000 bootstrap replicates and significance of a 5 0.05 (Schneider and Excoffier 1999) . The sudden and spatial demographic expansion models were tested using bootstrap and the sum of square deviations between the observed (Nei 1987) . To distinguish models of population growth from the null hypothesis of constant population size, Fu's F S (Fu 1997) 
Spatial Analysis
The Mantel test included in the isolation by distance (IBD) web service (version 3.15; Bohonak 2002; Jensen et al. 2005) was used to analyze subpopulations according to the IBD model, postulating that populations separated by longer geographic distances would show higher genetic differences. Our sample was divided into 3 subpopulations according to phylogenetic and network data, and geographic distances were calculated using the most distant and closest points in the map (localities 1, 5, and 19, and 2, 5, and 8, respectively; Figure 1a ).
The genetic structure of populations was analyzed with GENELAND (version 3.2.2; Guillot, Santos, and Estoup 2005 ) using a Bayesian model based on the MCMC. The number of clusters was determined by an independent, 10 times run of MCMC, with K (number of populations) varying from 1 to 10. The number of MCMC interactions was set to 100 000 per run with a thinning of 100. We used the correlated frequency model setting the uncertainty on coordinates to 0 km, and the maximum number of nuclei in the Poisson-Voronoi tessellation was fixed at 300 (default option). Analyses were performed using variable sites only. BARRIER (version 2.2; ) was used to compute the Monmonier's maximum-difference algorithm (Monmonier 1973 ) for identifying biogeographic boundaries or areas with largest genetic differences between population pairs (see . The Monmonier's algorithm is supervised because the number of biogeographic boundaries to be computed must be specified in advance. A similar approach to Patten and Smith-Patten (2008) was followed by a priori selection of the maximum pairwise genetic distance between haplotypes. This cutoff was determined by the mean of the maximum and minimum pairwise genetic distances between haplotypes.
Bootstrap values for the computed boundaries were estimated from multiple genetic distance matrices with BARRIER. A set of 100 DNA bootstrapped sequences were generated with SEQBOOT using PHYLIP version 3.69 (Felsenstein 2004) , and subsequently, 100 genetic distance matrices were calculated using DNADIST (PHYLIP). These multiple matrices were used to assess the statistical significance of boundaries calculated by BARRIER . Only one sequence per haplotype was used to perform these calculations.
Results
Cyt b DNA, comprising 1143 bp from 23 specimens, showed 17 haplotypes. These data, together with 35 C. expulsus sequences retrieved from GenBank, accounted for 35 haplotypes, some of which present in more than one locality (Supplementary Table 1) . Furthermore, haplotype H17 (Supplementary Table 1 ) was the most frequent one and present in different localities of Goiás state. Very low saturation was observed in data sets with C. expulsus and outgroup sequences or with only C. expulsus, with I ss significantly lower than I ss.c for a symmetrical tree topology (see Xia and Lemey 2009 ).
The ML topology was similar to the MCCT except for group C haplotypes. Because of the similarity of topologies, only the ML tree is shown with divergence dates estimated by Bayesian inference for the main C. expulsus groups (Figure 2 ). Both ML and MCCT showed that C. expulsus split in 2 well-supported clades designated A and B and several nonresolved lineages included in group C. Group A comprised haplotypes from the northern geographic range of the area under study (Figure 1a) , whereas group B comprised haplotypes from the center-west of Brazil, on the left bank of the Rio São Francisco (Figure 1a) . Finally, group C haplotypes were distributed in the middle section of the right bank of the Rio São Francisco (Figure 1a ). This set comprised 10 haplotypes (H4-H13) that did not group in a single clade. Four of them (H8-9 and H11-12) grouped in a well-supported clade, whereas the relation of the remaining haplotypes (H4-7, H10, and H13) was not well defined in the ML tree (Figure 2) . Furthermore, group A was more closely related to group B than to group C (Figure 2) .
Analysis of all C. expulsus sequences showed 83 variable sites (69 transitions and 17 transversions), and genetic distance estimates ranged from 0.000 to 0.027. Intra-and intergroup genetic distance estimates were similar, as well as number of variable sites, transitions, and transversions between groups B and C. Nucleotide and haplotype diversity were slightly higher for group C (0.009 ± 0.005 and 0.97 ± 0.04, respectively) than for group B (0.004 ± 0.002 and 0.90 ± 0.03, respectively). Genetic distance estimates as well as nucleotide and haplotype diversity of group A were not comparable to other groups due to its small sample size.
Group A showed 3 haplotypes, each one in a different locality, in Cel. José Dias and João Costa in Piaui state, and Buriti in Tocantins state (localities no. 3, 2, and 1, respectively; Figure 1a) MJ network (Figure 3 ) showed 2 well-defined groups (A and B) previously identified by phylogenetic reconstructions, whereas group C haplotypes were clustered in 2 subgroups more related to one another than to A or B haplotypes. Group A did not show any internal median vector but a high number of nucleotide substitutions were observed between haplotypes H2-3 and H1, which might be explained by the large distance between their localities (Figure 1a and Supplementary Table 1). Group B showed 7 median vectors and up to 3 nucleotide substitutions from one haplotype to another or median vector. The connection between haplotype H22 and H16 was exceptional in showing 5 nucleotide substitutions. Finally, group C showed 7 median vectors, one of which apparently playing a central role by connecting 2 smaller subgroups from the right bank of the Rio São Francisco, one with haplotypes H8-9 and H11-12 and another with H4-7, H10, and H13. Interestingly, both subgroups contained haplotypes from Caetité (no. 5) and Chapada Diamantina (no. 4), indicating lack of geographic structure in group C ( Supplementary  Table 1; Figure 1a) .
Estimates of the time of radiation of C. expulsus and of other large-bodied Calomys species (Calomys sp., C. fecundus, C. venustus, C. tocantinsi, C. callosus, and C. cerqueirai) were very similar (2.03 and 1.90 Ma, respectively). Divergence of C. expulsus was not synchronic, indicating that group A (approximately 0.80 Ma) is more recent than group B (approximately 1.09 Ma).
Mismatch distribution for group B showed a bimodal curve with a higher P value indicating a spatial expansion model (Figure 4a ). On the other hand, group C showed a multimodal curve with similar P value for both sudden and spatial expansion models (Figure 4b ). All observed data (Figure 4 ) fitted their respective simulated curves describing either a sudden or spatial expansion models. Mismatch distribution was not estimated for group A because only 3 specimens and 3 haplotypes were found.
Fu's F S and R 2 statistical neutrality tests in group B showed an estimate of À10.93 (P 5 0.0) and 0.05 (P 5 0.0), respectively, suggesting population growth. On the other hand, Fu's F S and R 2 tests in group C showed an estimate of À1.25 (P 5 0.24) and 0.12 (P 5 0.12), respectively, suggesting a constant population size.
The Mantel test did not reveal significant IBD using raw data (P % 0.50); in fact, similar P values were observed when genetic and/or geographic distances were log transformed (Bohonak 2002) . On the other hand, all 10 runs with GENELAND resulted in a K estimate 5 3, with population partitions identical with those observed in Figure 1a .
Using the mean of the maximum and minimum pairwise genetic distance, the cutoff stipulating the number of potential boundaries was 0.13. This allowed the identification of 4 barriers separating C. expulsus haplotypes ( Figure  1c) . However, only barrier 1 showed a high bootstrap value (from 88% to 99%) contrary to the 3 other likely ''spurious'' barriers with low bootstrap support (below 60%). BAR-RIER 1 coincided with the location of the Rio São Francisco (Figure 1c ).
Discussion
Calomys expulsus comprised 3 groups, A, B, and C, the first 2 being well defined and monophyletic, comprising animals from the left bank of the Rio São Francisco. The arrangement of group C, with animals from the right bank of the Rio São Francisco, varied according to different analyses (Figures 2 and 3) . These phylogenetic subdivisions were not coincident with different ecoregions where C. expulsus specimens were collected (Dinerstein et al. 1995) . Group A included individuals collected both in the Mato Grosso Tropical Dry Forest and in Caatinga. Group B Calomys sp. H2   H1   H16  H17  H24  H19  H35  H30  H29   H14   H22  H18   H25  H28  H21  H26  H34  H33  H15  H27  H20  H32  H31  H23  H8  H9  H11  H12  H6  H7  H4  H5  H10  H13 C. fecundus Figure 2 . ML phylogeny of Calomys expulsus. Numbers close to branches are aLRT estimates. For clarity, only aLTR estimates for the main internal groups for C. expulsus are shown. Groups described in text are highlighted. Height and 95% highest posterior density interval (in brackets) of date estimates followed by their posterior probability are also shown for C. expulsus main groups.
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included individuals from Cerrado and the Brazilian Northeastern Dry Forest, and group C included specimens from Cerrado, Brazilian Northeastern Dry Forest, and Caatinga ( Figure 1a ). Our analyses, however, showed structured populations of C. expulsus according to their geographic distributions, 2 on the left and another one at the right bank of the Rio São Francisco.
At the population level, networks are more appropriate than traditional phylogenetic reconstructions because they consider ancestral nodes, multifurcations, and reticulations (Crandall and Templeton 1993; Posada and Crandall 2001) . A low level of genetic diversity is expected between populations, leading to lack of phylogenetic resolution using strictly dichotomous trees (traditional methods; Morrison 2005; Woolley et al. 2008) . In this respect, MJ network data were more appropriate than ML, a reason why haplotypes from the right bank of the river were included in group C. Specimens representing this group were separated by several median vectors. This might be because some extant haplotypes have not been detected or, alternatively, due to lack of intermediate haplotypes (Bandelt et al. 1999) .
Despite lack of known barriers between groups A and B (Figure 1a) , they appeared as sister clades in all phylogenetic analyses, suggesting a likely vicariant distribution. Group A occurs in the lowlands of the Tocantins and the Parnaíba river valleys at altitudes as high as 300 m, whereas group B is found at higher altitudes (up to 1300 m) in the Central Plateau of Goiás state, suggesting that these groups are separated by altitude. This separation was detected by GENELAND analysis (Figure 1a ) and the Monmonier's algorithm (barrier b; Figure 1c ), although barrier b was detected with low bootstrap support (60%; Figure 1c ). Separation of group C from A and B was supported by all analyses (Figures 1a, 2, and 3) , suggesting that the Rio São Francisco is a geographic barrier to gene flow for C. expulsus subpopulations. A boundary (barrier a; Figure  1c ) with high bootstrap support (from 81% to 99%) was placed by the Monmonier's algorithm at the same location of the Rio São Francisco.
The Bayesian clustering method of GENELAND usually overestimates genetic structure in samples characterized by IBD Guillot et al. 2009 ). However, the population structure of C. expulsus could not be explained by IBD, suggesting that the 3 clusters identified by GENELAND were not spurious. Thus, the use of the Monmonier's algorithm, which does not follow a clear statistical principle (Guillot et al. 2009 ), coupled with a clustering method suggested a strong differentiation between these 3 C. expulsus populations, corroborating the role of the Rio São Francisco as a geographic barrier to gene flow. Calomys expulsus specimen OT5185 (GenBank: AY964030) from Ipameri (Goiás state) has been previously designated ''C. expulsus variant 1'' (2n 5 64, FN 5 66) because its chromosome complement differed from the standard karyotype for this species (Haag et al. 2007 ). However, this specimen shared the same H32 haplotype with MN72050 (a specimen with 2n 5 66, FN 5 68, from Campo Alegre de Goiás, GO [locality no. 20; Supplementary Table 1 and Figure 1a] ; Bonvicino CR, personal communication). Haag et al. (2007) , analyzing 26 C. expulsus specimens from 3 localities in the left bank of the Rio São Francisco, found that haplotype from different localities were grouped in separate clusters. Conversely, in the present study, comprising a larger sample size and a more extensive geographic coverage, haplotypes were not restricted to localities (Figure 3 ). Mismatch distributions of both groups B and C suggested population expansions contrary to neutrality tests, suggesting expansion only for group B, whereas group C appeared to remain under constant population size. Mismatch distribution of group B showed a considerably higher P value for the spatial expansion model (Figure 4) , which, together with neutrality tests, suggested that this population from the left bank of the Rio São Francisco may be expanding its range and population size. This hypothesis was confirmed by divergence time estimates (see below).
Historical Colonization of C. expulsus and the Influence of the Rio Sa˜o Francisco
The wide range of divergence time estimates for C. expulsus and outgroups suggested the need of additional paleontological data of Sigmodontinae to improve calibration points, as already pointed out by Almeida et al. (2007) .
The ancestral form of the large-bodied Calomys species (split into 2 lineages that diverged simultaneously during the Pliocene [approximately 2.0 Ma]), one leading to C. expulsus and another leading to the other large-bodied species (Calomys sp., C. fecundus, C. venustus, C. tocantinsi, C. callosus, and C. cerqueirai).
The estimates of divergence of the different C. expulsus groups suggested that colonization occurred from south to north and northeast of its current range. Group A and part of group C probably migrated more recently (ca. 0.80 Ma) and are presently found in the most northern and eastern range of C. expulsus, whereas group B (1.09 Ma) is slightly older and more centrally distributed. In addition, lack of monophyletic arrangement of group C in the ML topology pointed to different and successive migrations to the right bank of the Rio São Francisco. This and analyses of mismatch distribution and neutrality tests suggested that C. expulsus is spatially and demographically expanding.
The emergence of C. expulsus, estimated approximately 2.0 Ma, during the Pliocene, occurred after the rise of the Rio São Francisco (estimated at 65 Ma; Valadão 1998). This scenario, together with the finding of the oldest C. expulsus subpopulation on the left bank of this river, suggested that the right bank was occupied later following migrations across regions south of its headwaters. Furthermore, the higher diversity observed in the left bank haplotypes also suggested that these migrations took place several times. The Rio São Francisco barrier may also explain the vicariance of endemic lizards restricted to each margin, such as Amphisbaena hastate and A. ignatiana (Rodrigues 2003) , corroborating its relevant role in deterring gene flow for nonvolant vertebrates leading to the incipient speciation of C. expulsus subpopulations. 
